Biospectroscopy has the potential to investigate and characterise biological samples and could, 23 therefore, be utilised to diagnose various diseases in a clinical environment. An important 24 consideration in spectrochemical studies is the cost-effectiveness of the substrate used to 25 support the sample, as high expense would limit their translation into clinic. In this paper, the 26 performance of low-cost aluminium (Al) foil substrates was compared with the commonly used 27 low-emissivity (low-E) slides. Attenuated total reflection-Fourier transform infrared (ATR-28 FTIR) spectroscopy was used to analyse blood plasma and serum samples from women with 29 endometrial cancer and healthy controls. The two populations were differentiated using 30 principal component analysis with support vector machines (PCA-SVM) with 100% sensitivity 31 in plasma samples (endometrial cancer=70; healthy controls=15) using both Al foil and low-E 32 slides as substrates. The same sensitivity results (100%) were achieved for serum samples 33 (endometrial cancer=60; healthy controls=15). Specificity was found higher using Al foil 34 (90%) in comparison to low-E slides (85%) and lower using Al foil (70%) in comparison to 35 low-E slides in serum samples. The establishment of Al foil as low-cost and highly-performing 36 substrate would pave the way for large-scale, multi-centre studies and potentially for routine 37 clinical use. 38 39 40 41 42 43 45 disease investigation. Allowing the analysis of a variety of biological samples, such as cells, 46 tissues and biofluids, this spectrochemical analysis has a bright future ahead, not only in 47 scientific/laboratory research but also in clinical practice. The key factor that renders this 48 analytical method a perfect diagnostic tool, in comparison to other molecular methods, is its 49 non-destructive, cost-effective and label-free nature. Over the years, infrared (IR) and Raman 50 spectroscopic techniques have been employed to study a number of different diseases like 51 cancer, neurological diseases, prenatal disorders and many others 1-10 . Within the field of 52 disease investigation, spectroscopy has the potential to diagnose and monitor a disease, while 53 at the same time assessment of surgical margins of a tumour or determination of the subtype 54 of a disease is also feasible. 55 Most spectroscopic studies so far, with only a few exceptions 8, 10, 11 , have included a 56 limited number of subjects which appears to be an important limitation for the establishment 57 of the method and its migration into clinics 12-14 . Standardisation and validation of methods 58 should be performed in large clinical trials for more robust and trustworthy results. A further 59 issue that limits the ability for clinical implementation relates to experimental methodology. 60 Specifically, inconsistencies in the pre-analytical stages of sample collection and preparation 61 to spectral collection and data analysis. A fundamental factor of the analytical procedure is the 62 use of the correct substrate in order to avoid non-biological interference from the substrate in 63 use. Unfortunately, the majority of the available, "featureless" substrates are high-cost 15, 16 , 64 something which prevents their use in large scale studies and routine analysis. Previous studies 65 have even developed data correction algorithms to remove the substrate's signal after the 66 collection of the raw spectra 16-18 .
Introduction 44
Vibrational spectroscopy is increasingly utilised in biomedical research as a valuable tool in Different types of substrates are selected depending on the spectroscopic technique used 68 each time (e.g., IR or Raman spectroscopy), as well as on the chosen sampling mode [e.g., 69 transmission IR, transflection IR or attenuated total reflection (ATR)]. Namely, some of the 70 substrates that have been used for IR and Raman spectroscopy over the years include barium 71 fluoride (BaF2), calcium fluoride (CaF2), zinc selenide (ZnSe), gold-coated (Au), silver or 72 silver-coated (Ag), fused silica (SiO2) and low-emissivity (low-E) slides 19, 20 . However, due to 73 their expense, efforts are being made to introduce novel, low-cost substrates that would 74 facilitate the analysis of hundreds, even thousands, of samples cost-effectively. Glass substrates 75 are routinely used in medical laboratories and hospitals for preparation of analysis of various 76 types of biological samples; however, glass has been found unsuitable for spectroscopy as it 77 generates background signal and distorts the biological information coming from the samples 78 19 . Therefore, an ideal approach would be to take advantage of the extremely cost-effective 79 glass slides by covering them with a metallic surface that would eliminate any background Raman spectroscopic methods would be extremely beneficial. However, there has been no 83 conclusive study comparing its effect on diagnostic accuracy with other, widely used 84 substrates. 85 In this study, we used ATR-FTIR spectroscopy to explore whether Al foil could be an 86 appropriate substrate for spectroscopic investigations. ATR-FTIR uses an internal reflection 87 element (IRE) with a high refractive index to direct the beam to the sample; an evanescent 88 wave is created, penetrating the sample by a few microns in order to derive its chemical 89 information 22 . A commonly used substrate for ATR-FTIR measurements is the low-E slide, 90 which has been effectively used in numerous biological studies in the past [23] [24] [25] . Therefore, we 91 compared our results from the low-E slides with those from Al foil slides to assess the 92 performance of the latter with regard to the diagnostic accuracy. For the purpose of this piece 93 of work, we analysed blood samples from women with endometrial cancer, as well as from 94 benign cases used as controls. Endometrial cancer develops in the endometrium (i.e., inner 95 lining of the uterus) and is the fourth most common gynaecological cancer in the developing 96 world, with an increasing incidence in postmenopausal women; in 2012 alone, 319,000 new 97 cases were diagnosed worldwide 26 . Although symptoms of endometrial cancer develop 98 relatively early, which allows "timely" diagnosis and early intervention, a more objective, less 99 expensive and non-invasive method of diagnosing this type of cancer is highly desirable and 100 clinically indicated. Currently, a diagnosis is based on microscopic histological examination of 101 endometrial tissue, which is dependent on subjective interpretation, therefore allowing human 102 error.
103

Materials and Methods
104
Blood plasma and serum analysis 105 The collection of all samples for this study was approved by the institutional review board at 106 Imperial College Healthcare NHS Trust (tissue bank sub-collection number GYN/HG/13-020).
107
All patients provided informed consent for use of their samples in this study. Kevley Technologies, USA) and cheap, microscope glass slides covered with Al foil. The latter 118 were carefully flattened with the shiny side of the foil being exposed to achieve a greater level 119 of reflectivity. Covering the slide with Al foil required ~30-45 seconds with one slide taking 120 up to 3 different samples, rendering the slide preparation time insignificant. The slide with the sample is placed onto a moving platform with the sample facing up; the 126 platform is then moved upward to achieve good contact with the diamond crystal. Spectral 127 resolution was 8 cm -1 with two times zero-filling, giving a data-spacing of 4 cm -1 over the range 128 4000-400 cm -1 ; 32 co-additions and a mirror velocity of 2.2 kHz were used for optimum signal 129 to noise ratio. A CCTV camera attachment was used to locate the area of interest and spectra 130 were acquired from ten different locations to minimize bias. Also, in order to take into 131 consideration the natural phenomenon of "coffee ring" effect, spectra were mainly collected 132 from the periphery of each drop where the absorbance intensity was higher, as important 133 components, such as proteins and nucleic acids, migrate towards the edge of the drop after 134 drying 27 . The ATR crystal was cleaned with distilled water before moving to a different sample 135 and a background spectrum was acquired to take into account any atmospheric changes.
136
Spectral data handling and analysis 137 All spectral information was converted to suitable files (.txt) before input to MATLAB 138 (Mathworks, Natick, USA). Pre-processing and computational analysis of the data was 139 performed using PLS Toolbox version 7.9.3 (Eigenvector Research, Inc., Manson, USA) and 140 an in-house developed IRootLab toolbox (http://trevisanj.github.io/irootlab/). Pre-processing 141 of the acquired spectra is an essential step of all spectroscopic experiments and is used to 142 correct problems associated with spectral acquisition, instrumentation or even sample handling 143 before further multivariate analysis 28 . In this study, spectra were cut at the biochemical 144 fingerprint region (1800-900 cm -1 ), rubberband baseline corrected and vector normalised. 
in which is the vector containing the classification variables for sample (e.g., PCA scores 184 for A components); ̅ is the mean vector of class k; ∑ is the variance-covariance matrix of 185 class k; ∑ pooled is the pooled covariance matrix; and is the prior probability of class k. 186 These last three terms are calculated by 34 :
where is the number of samples of class k; is the total number of samples in the training 191 set; and is the number of classes.
192
On the other hand, SVM is a technique that classifies data sets in a completely non- Overall, PCA-SVM was found to provide optimal results for both plasma and serum 237 samples regardless of the substrate that was used ( Fig. 1 and 2) . This was due to the fact that 238 PCA-SVM can create a more complex decision boundary between the classes, classifying even 239 non-linearly separable data 33, 35 . In addition, SVM creates large margins of separation between 240 the classes, which provides more stability to the classifier. In this sense, small disturbances or 241 noises do not cause misclassification 35 . Standard deviation (SD) was higher for Al foil in 242 comparison to low-E slides ( Fig. 1 and 2) . This improved the Al foil classification models as 243 more sources of variation were contemplated during model construction, thus creating well-244 distributed boundary functions and increasing the robustness of the classification. The SD in 245 the training set decreases the degree of overfitting and provides better predictive capacity 37 .
246
The PCA-SVM cost function and optimization to estimate RBF parameters are shown in Fig.   247 3, where the red 'X' mark represents the optimal value. This optimization was performed in 248 order to avoid overfitting and to ensure classification stability. Fig. 4 shows the reference and used. This contributed to the slightly lower accuracy in Al foil (94.5%) in contrast to low-E 260 (95.5%). In this case, there were six misclassified spectra for Al foil and five for low-E slides.
261
Although both PCA-LDA and PCA-QDA were regularized to correct classes having different 262 sizes (prior probability term in eq. 1 and 2), the number of errors is larger on the smaller class 263 (healthy control) due to the influence of the unequal class sizes to the classifiers. To summarise, 264 Al foil has been seen to perform better than low-E in the plasma dataset, while in the serum 265 dataset it achieved slightly lower specificity, but still high enough and comparable to low-E. (Fig. S1 ). Even though some spectral regions were visually similar, the reasoning of 273 using multivariate analysis is to overcome visual interpretation which can be inaccurate.
274
Therefore, a statistical t-test (95% confidence level) has been performed to calculate p-values 275 for each spectral point between Al foil and low-E as well as between plasma and serum. The
276
results showed that many wavenumbers were statistically significant (p <0.05, 95% confidence 277 level) irrespectively of the visual similarities (Fig. S2) fragments in the bloodstream of cancer patients, which would make them distinct from the 305 normal population 43, 44 . Nowadays, ctDNA is increasingly investigated and is considered to be 306 useful as a biomarker for malignancy cases 45 . Nevertheless, for an accurate and specific 307 biomarker detection, vibrational spectroscopy would need to be complemented with other 308 techniques as well, or maybe make use of labels or antibodies that would be molecule specific.
309
IR spectroscopy alone indicates some molecular fragments which are indicative of 310 biomolecules, such as proteins, lipids or carbohydrates. However, each spectral peak may 311 'hide' more than one molecules and thus, it is not preferred to assign specific biomarkers to 312 specific peaks.
313
In this study, plasma samples resulted in slightly higher diagnostic accuracies (~98%) 314 in contrast to serum samples (~95%). Current studies are unclear on whether serum or plasma 315 is a better source for ctDNA 44 . However, plasma has been previously found superior and the 316 specificity obtained using serum has been related to a higher concentration of normal cell-free 317 DNA (cfDNA), produced by the lysis of white blood cells during clotting 46, 47 . This could 318 potentially justify the lower classification rates found when using serum.
319
Careful consideration of the substrate, onto which the biological sample is placed, is 320 critical in order to collect reproducible and high-quality spectra. When comparing the 321 classification results coming from Al foil and low-E slides ( Fig. 1 and 2) , it is clear that Al foil 322 not only achieved equally high results with low-E but, in the plasma dataset, it even provided 323 slightly higher sensitivities and specificities ( Fig. 1) . Previous work has indicated that Al foil 324 generates no background noise, leaving the quality of the biological spectra unaffected; our 325 study used a larger number of subjects, which was needed to verify these preliminary results 326 and also study the impact on the sensitivity and specificity. 
